Abstract. Research in pulsejet has intensified recently due to its design simplicity that can be developed into efficient small scale propulsive units for new applications such as UAVs and Unmanned Combat Vehicles (UCAV). A major obstacle for its development is low efficiency of the engine. The objective of this research is to investigate the possibility of using pulsejet in certain applications where the pulsejet can trade its low efficiency with low cost, simple design, and light weight. Numerical analysis is used for analysing the pulsejet engine design. The main results drawn from this research is in increasing efficiency and improving performance of engine by improving size of engine, especially diameter of combustion chamber. The computed results show good resemblance with published data.
Introduction
A simple pulsejet engine consists of air inlet valve, combustor with burners and exhaust tube. The combustion-driven oscillation of pulsejet often creates buzzing sound, off-design operating condition and failure of the combustion structure. Such instabilities enhance heat transfer, whilst improve the intensity of combustion and reduce NO X pollutions [1] . The pulse jet combustion is a positive use of combustion-driven oscillations, which is intermittent (periodic) combustion of gaseous, liquid and fine powdered solid fuel. The pulsejet engine can use various types of fuel like gases, liquid and solid fuels [2] . The followings are known advantages of pulsejet engine:
• Theoretically, pulse jet engine has higher fuel efficiency compared to normal turbojet gas turbine engine (GTE). The intermittent fuel combustion is a key factor in making the pulse-jet engine fuel efficiency better than the turbojet.
• Engines can be produced in many sizes with many different thrust outputs ranging from a few pounds to thousands of pounds.
• They have a very high thrust-to-weight ratio (also power-to-weight ratio), which means a lighter engine producing more pounds of thrust than its weight.
• They are mechanically very simple and have very little moving parts, hence easy to manufacture. Despite considerable amount of research on developing various types of pulsejets were carried out, the fundamental understanding of the operation of these jets is still very limited. The engine design and understanding of pulse combustion will be enhanced by using proven equations and references for theoretical understanding of pulsejet engine design. It is important to choose accurate equations and references for design of pulsejet engine since it may be manufactured for unmanned aerial vehicle, which requires cost effectiveness and safe operation. The challenge and motivation in this study of pulsejet is to optimise the design by using fundamental equations and computer programming to unravel the important theoretical understanding of the pulse jet and improve its efficiency by optimising fuel consumption, which will also maximise the thrust capability of the jet engine.
Design Analysis
Two methods that are presently applied in studying pulsejet engine design are experimental method, which involves extensive engine testing, and computer aided numerical investigations. For engine performance testing, the speed range may vary from Mach number 0.2 to 0.9 in order to analyse the engine characteristic for all flight regions. Difficulties arise when the test facilities are limited and involve high cost to perform the studies. Therefore, the second method, computer aided investigation, is selected due to the fact that it can provide accurate calculated data for the analysis and the facilities are easily available. Furthermore, more analysis could be conducted in a shorter period of time in addition to its low cost. In fact, numerical analysis is the most suitable method for analysing the pulsejet engine design, considering pulsejet engine design will require a lot of proven equations and graphs for theoretical understanding of design [3] .
Theory of Pulsejet. The theory used in the analysis of the pulsejet engine is from Ahmed ElSayed's text [4] , which refers to conditions within the engine at positions as stipulated in Fig. 1 . To reduce the complexity of the analysis, assumptions made for this pulsejet as listed below:
• The flow was quasi one-dimensional with uniform properties over any cross section.
• Air is an ideal gas.
• Atmospheric conditions at pulsejet intake and exhaust ends.
• Bends in the pulsejet geometry were simplified as straight sections.
• Atmospheric conditions were constant. The mass flow rate of fuel, is controlled as input to determine the thrust of the pulsejet. Assuming complete combustion in the combustion chamber, for the gasoline fuel, stoichiometric air/fuel mixture ratio is approximately 14.7 (hence = 14.7 ). = + (1) where is mass flow rate of fuel (kgs -1 ), is mass flow rate of air (kgs -1 ), is total mass flow rate (kgs -1 ). The flight Mach number can be defined as: = / (2) where is free stream velocity (ms -1 ), is the ambient temperature (K), is the specific heat ratio (cold), = 1.4, R is universal gas constant, R=287 Jkg -1 K -1 . Ahmed El-Sayed [4] idealises the pulsejet engine cycle is illustrated in the T-S diagram in Ideal Pulsejet Cycle The pressure and temperature at point 1 are the stagnation pressure and temperature at point 0, hence P 1 and T 1 can be defined as follows (where is the free atmospheric pressure (kPa)):
If the pulsejet is at static position, then = 0 and thus = and = . Assuming constant volume combustion, the pressure at after the combustion, P 2 is: =
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From the energy balance, the T 2 can be calculated by:
where is constant pressure specific heat capacity (Jkg -1 K -1 ), is the combustion or burner efficiency and is lower calorific value (for gasoline is 44.4MJkg -1 ). The expansion of the exhaust gases out the exhaust nozzle to ambient pressure is assumed to be isentropic and the temperature of the exhaust gases is calculated from the isentropic relationship:
= And =
where is the specific heat ratio (hot), = 4/3. The exhaust velocity and thrust are calculated from the equations below:
The process of heat during combustion, for internal heat changes, Q in and specific enthalpy, h is described as below: = ( − ) and ℎ = (10) Thrust specific fuel consumption (TSFC) of a jet engine is a measure of efficiency. It is a ratio of mass of fuel used per kilogram of thrust produced. It allows efficiency comparison of different jet power plants. A higher TSFC means the engine is less efficient and a lower TSFC means the engine is more efficient. TSFC was calculated using equation below. (11) Consider the pulsejet as a pipe, the pulsation only propagates to the exhaust and since gases are assumed to only go out through the exhaust, the pipe can be considered as closed at the inlet and opened at the outlet. Pulsation in the pipe can considered as a quarter wave length oscillation with the maximum pressure amplitude at the close end but zero pressure amplitude at the open end. Therefore, the frequency of the oscillation, f can be described as:
where is the velocity of sound, which = and L is length of pulsejet.
Numerical Investigation. The outcome from this project is a preliminary design sizing and dimensions of pulsejet engine using petal type valves. The design drawings in CATIA provide detail dimensions and weight of the engine. The calculated (computed) result of pulsejet engine parameters are provided by MATLAB program. The sizing is calculated according to flow chart in Fig. 3 . The performance investigation of pulsejet engine was conducted by using MATLAB, which was chosen for its ease of programming and data logging. The GUIDE function in the MATLAB was used to design a control panel to run the numerical investigation. The control panel is shown in Fig. 4 . The mass flow rate of fuel, ambient atmospheric pressure and temperature were selected as variables to calculate the performance of the pulsejet. Pressure and temperature at inlet, after combustion, and exhaust, thrust, exhaust velocity, internal heat changes, specific enthalpy, thrust specific fuel consumption and frequency were obtained. The ambient pressure and temperature for calculating the performance of the engine are assumed to be 101kPa and 298K, respectively. Fig. 7 shows that the calculated results are slightly higher at higher thrust but deviates at lower thrust. This can be explained in terms of combustion chamber operating principles of various pulse jets (e.g. quarter-wave sound resonator; standard acoustic Helmholtz resonator and the Rijke tube) [5] . For this program, the operating principle of pulse combustion is
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based on quarter wave sound resonator. Information on the combustion operating principle of the known pulsejet engines is not readily available.
Pulse Jet Performance Analysis. The engine performance analysis is computed based on the altitude and Mach number of the vehicle that are powered by pulse jet engines. Fig. 8 provides the performance of the pulsejet engines at various altitudes and speeds. Because the air density reduces at higher altitudes, simultaneously the drag and thrust are also reduced. The balance of these two effects in any particular flight condition limits the altitude at which the maximum achievable airspeed of the pulsejet-propelled vehicle. In denser air at low altitudes, both drag and thermal heating are much greater than at high altitudes. Also Fig. 8 shows that thrust increases with Mach number. High airspeeds in dense air are limited by airplane structure considerations. Since engines work by taking whatever flows into the intake and accelerating it backwards, as this air becomes less dense, there is less air to be accelerated backwards, so the thrust force decreases. Thrust is the product of the rate of airflow through the engine per second and added speed which the engine gives to that air. When air is less dense, the engine can accelerate it more, but with very thin air at high altitudes, the volume of air put through the engine per second is small and so the thrust decreases even though the air is being ejected from the engine as fast as the engine can push it [4, 6] . Another factor that also limits achievable thrust when the air is very thin is the fact that the ratio of fuel to air burnt in an engine needs to be within a certain range and with a reducing supply of air, less fuel can be burnt [7] .
Summary of Results.
From the computer analysis presented above, results drawn from this work can be summarised as follows:
• There is direct correlation between frequencies and diameters of exhaust pipe/combustion chamber. The frequencies decrease with increase in diameters. However, the frequencies reduce rapidly with increase in combustion chamber diameter as compared to that of the exhaust pipe.
• There is direct relationship between thrust and combustion chamber diameter and length. The thrust increases with increase in chamber diameter and length. This relationship provides good trade off in the choice of combustion chamber size depending on the application of the pulsejet engine.
• The pulsejet engine combustor produces a net pressure gain between intake and exhaust rather than loss. A small percent gain in combustion pressure of the pulsejet gives about same improvement in overall efficiency as a high percent gain produced by a compressor of GTE, all other things being equal. Hence efforts in increasing combustion efficiency of pulsejet engines are the main roles of scientific research in pulse detonation engine.
• The pulsejet thrust decreases as altitude increases because air density reduces at higher altitudes, which reduces drag, and simultaneously reduces thrust. The balance of thrust and drag in any flight condition determines the altitude at which the maximum envelope airspeed will be Applied Mechanics and Materials Vol. 629
attained. When air is less dense, the engine can accelerate it more, but with very thin air at high altitudes, the volume of air put through the engine per second is small and so the thrust decreases even though the air is being ejected from the engine as fast as the engine can push [8] .
• For valved pulsejet, the thrust increases with Mach number. Since engines work by taking whatever flows into the intake and accelerating it backwards, as the mass flow rate of air increases, there is an increase in the thrust force. Thrust is the product of rate of airflow through the engine per second and added speed which the engine gives to that air [9] .
Conclusions
The research accomplished in this work provides sizing and dimensions of valved pulsejet engines.
The computed results agree well with published data as the comparisons show good agreement between them, thus providing confidence in the analysis of valved pulsejet engine.
